Core myopathies (CM), the main non-dystrophic myopathies in childhood, remain genetically unexplained in many cases. Heart disease is not considered part of the typical CM spectrum. No congenital heart defect has been reported, and childhood-onset cardiomyopathy has been documented in only two CM families with homozygous mutations of the TTN gene. TTN encodes titin, a giant protein of striated muscles. Recently, heterozygous TTN truncating mutations have also been reported as a major cause of dominant dilated cardiomyopathy. However, relatively few TTN mutations and phenotypes are known, and titin pathophysiological role in cardiac and skeletal muscle conditions is incompletely understood. We analyzed a series of 23 families with congenital CM and primary heart disease using TTN M-line-targeted sequencing followed in selected patients by whole-exome sequencing and functional studies. We identified seven novel homozygous or compound heterozygous TTN mutations (five in the M-line, five truncating) in 17% patients. Heterozygous parents were healthy. Phenotype analysis identified four novel titinopathies, including cardiac septal defects, left ventricular non-compaction, Emery -Dreifuss † 
INTRODUCTION
Core myopathies (CM) are the most common form of inherited non-dystrophic muscle disorder in childhood. These congenital myopathies typically present with delayed motor development and generalized muscle weakness, sometimes associated with scoliosis and respiratory failure. Histopathologically, they are defined by areas of mitochondria depletion and sarcomere disorganization (cores) in muscle fibers. The recessive form of core myopathy, multi-minicore disease (MmD), is clinically and genetically heterogeneous (1) . MmD has been mainly associated with RYR1 (2), SEPN1 (3) or MEGF10 (4) mutations, but for many cases, the underlying gene remains unknown.
While respiratory insufficiency is a common finding in MmD, primary myocardial involvement is reportedly exceptional (5) and congenital heart defects are not considered part of the MmD spectrum (6) . Indeed, while congenital cardiopathies, including atrial and ventricular septal defects (ASD and VSD), are the most common human birth defects and a major cause of morbidity and mortality in childhood, to our knowledge they have never been definitely associated with any skeletal muscle condition (7) . Conversely, inherited cardiomyopathies, defined by defective myocardial contractility, and left ventricular noncompaction (LVNC), a recently described condition which results from intrauterine arrest of myocardial development and abnormal compaction of the cardiac tissue (8) , have been associated with different skeletal muscle or metabolic conditions (9) . However, there are only a few case reports of patients presenting with the association of cardiomyopathy and congenital core myopathy, most of them from the pre-molecular era (9 -14) . Autosomal dominant forms of core myopathy with variable adult-onset cardiomyopathy have been associated with heterozygous mutations of the MYH7 (15, 16) or the ACTA1 (17) genes in eight and one families, respectively. Additionally, we reported two families with recessive minicore myopathy and fatal dilated cardiomyopathy (DCM) starting from ages 5 to 20 years (also known as Salih myopathy or as early-onset myopathy with fatal cardiomyopathy (EOMFC, MIM [611705])) associated with homozygous truncating mutations of the titin gene TTN, which represented the first titinopathy involving both skeletal and heart muscles (5) . No other similar cases have been reported; thus, this condition is probably under-recognized, and the association of CM and pediatric heart conditions is incompletely understood.
The 363-exon titin gene (TTN, MIM [188840] ) encodes titin, the largest protein known (18) . Titin is one of the main sarcomeric proteins and plays crucial roles in cardiac and skeletal muscle development, structure, elasticity and cell signaling. Each single titin filament bridges half of the entire sarcomere, from the Z-disk to the M-band (19) , where it interacts with numerous protein partners. The molecular architecture of the human titin protein is organized into four distinct parts: the amino-terminal Z-disc, the I-band and A-band regions, and the carboxyl-terminal M-line extremity encoded by the last six exons (358-363, or Mex1 to Mex6).
Prior to next generation sequencing (NGS), routine analysis of the whole TTN gene was impossible because of its size and complexity. Thus, only a few TTN mutations had been reported, and the general incidence and spectrum of titinopathies was probably significantly underestimated. TTN mutations were identified in conditions involving exclusively skeletal muscles (tibial muscular dystrophy, TMD, hereditary myopathy with early respiratory failure, HMERF and limb girdle muscular dystrophy LGMD2J (20) (21) (22) ), in isolated dilated or hypertrophic cardiomyopathy (DCM, HCM) (23) (24) (25) and in the rare cases of congenital multiminicore myopathy with childhood-onset dilated cardiomyopathy mentioned earlier (5) . In the last months, NGS has disclosed a plethora of novel TTN mutations and TTN is emerging as a key gene in human inherited disease (26) (27) (28) (29) (30) . Virtually all the newly reported TTN mutations are heterozygous and associated with adult-onset dominant phenotypes involving either cardiac or skeletal muscles. Particularly, heterozygous TTN truncating mutations have been reported as the most common known genetic cause of dominant or sporadic DCM (31) . However, truncating TTN mutations have been also reported in 3% of a nominally healthy control population (31) , which illustrates the difficulties in interpreting the pathogenicity of novel TTN changes. Furthermore, the role in disease of several key titin domains remains to be established. This includes the unique titin serine-threonine kinase domain (TK) (18) , a pivotal player in the control of muscle gene expression and protein turnover (22) . Knock-out of the TK-encoding region and adjacent TTN exons (Mex1 and Mex2) results in embryonic death at mid-gestation in homozygous mice (32) . In humans, only one TK mutation has been reported in the adult-onset dominant myopathy HMERF, which does not affect the heart (22) . Surprisingly, despite the rising number of TTN mutations identified, no novel TTN-associated skeletal and cardiac phenotype has been reported until now.
Here we report results from targeted or exome-wide sequencing on a first large series of core myopathy with heart disease disclosing multiple titin new mutations and phenotypes. Furthermore, we characterize the first-reported absence of a functional TK in humans, leading to the first antenatal-onset titinopathy. Our work suggests a major role of titin defects in early-onset myopathies with cardiac dysfunction, expands the spectrum of TTN-associated muscular and cardiological phenotypes and demonstrates that TTN truncating mutations do not always produce disease unless associated with a second mutation. Complementary ex vivo and in vitro studies suggest a key role of TK in human skeletal and cardiac muscle.
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RESULTS

Genetic studies
We collected and analyzed a first cohort of 31 patients (from 23 families), which presented with congenital core myopathy combined with primary heart disease. M-line TTN mutations having been associated with a skeletal and cardiac myopathy with minicores (5), we started genetic studies in the 23 families by Sanger sequencing of the 6 TTN M-line-encoding exons (Mex1-Mex6). Five pathogenic TTN sequence changes were identified in four families (Patients 1-5, P1-P5, Fig. 1 , Table 1 ). These included one missense and four truncating mutations (two nonsense and two frameshift). Only one of these sequence changes (p.Trp34072Arg) was reported as a rare privative variant of unclear significance in dbSNP, 1000 Genomes Project, and none was observed in 120 unrelated Caucasian or 96 Turkish control samples. In Families 1 and 2, patients were, respectively, homozygous and compound heterozygous for TTN truncating mutations. The two affected brothers from Turkish consanguineous Family 1 (P1 and P2) were homozygous for a two base-pair deletion in Mex2, c.106632-106633delTG (p.Ser35469Serfs * 11), which predicts a truncated protein deleted of 522 C-terminal amino acids. In Family 2, P3 harbored two heterozygous nonsense mutations, c.C102748T (p.Arg34175 * ) and c.C106057T (p.Gln35278 * ), in Mex1, downstream of the TK encoding residues. Both mutations predict premature termination codons (PTC) leading to a truncated protein lacking the C-terminal 1,796 and 689 amino acids, respectively. Immunohistochemical studies on P3 muscle confirmed expression of a truncated titin totally devoid of its C-terminus, which was integrated into apparently normal sarcomeres (Fig. 2) .
In contrast, in Families 3 and 4 (P4 and P5, respectively), M-line TTN screening identified only one private heterozygous Mex1 mutation in each patient, which was also heterozygous in each of their healthy fathers. Interestingly, both mutations affected the critical TK domain. P4 had a one-base-pair deletion at the beginning of the TK-encoding sequence (c.102282delT, p.Asn34020Thrfs * 9 or p.N208Tfs * 9 in the structure of the isolated TK domain (33) ). This mutation predicts protein truncation after nine frame-shifted amino acids, leading to loss of the most C-terminal 100 amino acids of the 307 amino acid-TK domain and deleting 1963 C-terminal titin amino acids. P5 had a missense change (c.T102439C) affecting a highly conserved residue of the TK (p.Trp34072Arg of full-length titin, or p.Trp260Arg (p.TK-W260R) in the TK (33)). Given the paternal carrier status for each family, we suspected recessive inheritance and therefore a second TTN mutation in these patients. Whole-exome sequencing confirmed that both patients are compound heterozygous for two TTN mutations. In P4, exome data confirmed the paternally inherited TK deletion and identified an additional missense variant c.T66920A (p.Val22232Glu, exon 316), which impacts a Fn3 domain in the end of the titin I-band (Fig. 1) , inherited from his heterozygous mother. In Family 4, exome sequencing confirmed the paternal p.Trp34072Arg change and identified a single nucleotide deletion c.G9388+1C (p.Glu2989Glufs * 4) in the splice-donor site at 5
′ of exon 38, inherited from the healthy mother and predicting titin truncation near its N-terminus. Immunolabelling of myocardium cryosections from P5 confirmed expression and normal sarcomere integration of a full-length titin, presumably encoded by the paternal TK-mutant allele (Fig. 2) . No other frameshift, nonsense, splice or highly conserved residue changes were found in either patient.
In all families, the TTN mutations identified were carried by heterozygous parents. All parents (aged from 38 to 55 years) underwent neuromuscular and cardiac examinations (echocardiography and electrocardiogram) with normal results. There was no history of cardiomyopathy or sudden cardiac death in any of the parental families. 
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Phenotype findings
Analysis of clinical data in the mutant patients (Table 1 , Fig. 3A ) disclosed novel phenotypes not yet reported or associated with TTN, as well as an unexpectedly wide range of severity. At the most severe end of the spectrum, P5 presented with a previously unreported phenotype, associating distal arthrogryposis multiplex congenita (AMC), congenital muscle weakness, kyphosis and neonatal cardiac failure. Muscle biopsy pathology was consistent with MmD ( Fig. 3B ). Echocardiography revealed a VSD and a trabeculated myocardial appearance typical of LVNC (Table 1, Fig. 3A) . The patient developed terminal heart failure requiring transplantation at 4 years of age. Intrasurgical complications resulted in spinal cord infarction and paraplegia. Muscle weakness remains otherwise stable at 9 years, whereas arthrogryposis tends to improve gradually.
P3 and P4 presented with structural heart defects (ASD and/or VSD) leading to heart dysfunction from birth (Table 1 ). In P3, ASD resolved spontaneously. A retractile myopathy became the main clinical concern until the development at the age of 16 years of moderate DCM with rhythm disturbances. Her phenotype was considered typical of Emery -Dreifuss muscular dystrophy (EDMD , Fig. 3A) ; LMNA and FHL1 gene screens were negative. P4 had severe ASD and VSD, which required surgical repair at 1 and 4 years, and developed rhythm disturbances and terminal DCM from the age of 13 years, requiring heart 
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Human Despite variability in severity, all patients shared particular phenotypical signs, namely congenital or infantile muscle weakness with axial (Rigid Spine) and distal joint contractures, relatively preserved respiratory function and CK levels ,5 times normal associated with primary heart disease. Weakness was most severe in axial muscles (neck flexor weakness and/or scoliosis) and proximal muscles, although P3 had marked drop foot. Furthermore, the skeletal muscle histopathology was consistent and recognizable (Fig. 3B) . All muscle biopsies showed type 1 fiber predominance or uniformity and multi-minicore lesions associated with a variable but sometimes extremely high number of internal nuclei. In addition, most samples showed nonspecific but typical abnormalities of the internal structure of the muscle fibers, including starshaped basophilic areas, ring-like fibers and small zones of increased oxidative activity (Fig. 3B) . Sequential biopsies of the quadriceps muscle taken from P3 at 2, 14 and 25 years suggested lack of significant morphological progression (Fig. 3B) . No sample showed signs of necrosis/regeneration or immunohistochemical abnormalities of sarcolemma-associated proteins, including dystrophin or laminin-a2.
Ex vivo and in vitro studies
The molecular defects in P5 predicting the first human equivalent of a TK knock-out, we developed further mechanistic studies of these unique mutations.
For the maternally inherited mutation (p.Glu2989Glufs * 4), in silico analysis predicted abnormal splicing and a PTC in exon 39 (Fig. 4) . Deep sequencing on P5 myocardium confirmed the coexistence of a wild-type and a shorter transcript (36% reads) corresponding to use of an alternative splice-donor site and leading to titin truncation after 2950 N-terminal amino acids, therefore devoid of TK (Fig. 4) . Semi-quantitative protein gels confirmed a moderate reduction of the global titin amount in the patient's samples. Consistent with the mRNA data, a correspondingly sized truncated protein band was identified by two different titin antibodies (data not shown).
The paternally inherited p.Trp34072Arg (TK-W260R) mutation involves a highly conserved amino acid in the core of the TK active site. We tested the effect of this mutation on interactions with the TK known ligands Nbr1 and the TK autoinhibitory tail (AI) in genetic interaction assays, comparatively with the dominant HMERF mutation TK-R279W (22) . Both interactions were completely abrogated in TK-W260R, whereas only Nbr1 interaction was lost in HMERF TK-R279W (Fig. 5) . Analysis of thermal stability by circular dichroism spectroscopy demonstrated reduced stability of the TK-W260R mutant (Fig. 5) . We could also not detect catalytic activity of the mutant enzyme. These results Figure 4 . Consequences of P5 splice site mutation. ESE finder predicted major loss of strength of the mutant donor site (down to 7, 75%) and two alternative sites in exon 38. Use of one of these leads to coexistence of full-length and shorter exon 38 transcripts as revealed by deep sequencing (A) and cDNA amplification of TTN exon 38 (B). P and C: patient and control, respectively. A few reads suggested minor intron 38 retention (A).
together suggest that the TK-W260R (p.Trp34072Arg) mutation causes a complete loss-of-function of TK that abrogates M-line and Z-disk linked pathways via Nbr1, thereby potentially implicating this titin defect in myofibril turnover.
DISCUSSION
In this work, we establish for the first time that compound heterozygosity of non-symptomatic TTN truncated alleles and missense mutations is a cause of core myopathy with congenital heart disease. The association of heart disease with CM, and particularly with MmD, has been uncommonly recognized and characterized so far. While cardiac (mainly right ventricular) impairment secondary to respiratory failure is not unusual in the classic phenotype of MmD as a result of SEPN1 mutations, primary heart disease is not present in either SEPN1-or RYR1-mutant patients. Aside from two families with minicores, DCM and homozygous TTN mutations (5) and a few families with dominantly inherited core myopathy and adult-onset cardiomyopathy associated with MYH7 or ACTA1 mutations (15, 17) , most of the rare, mainly dominant cases reported to have both cardiomyopathy and core lesions remain genetically unresolved (6) , and differential diagnosis with other conditions (particularly myofibrillar myopathies or laminopathies) can be considered in some of them (10, 14) . Additionally, while one of the original MmD cases described by Engel (34) had ASD and VSD, no other occurrences of congenital structural heart defects have been reported, and therefore, congenital cardiopathies were not associated with MmD. An exception is the common occurrence of subclinical mitral prolapsus in MmD and other myopathies, probably related to thorax and thoracic spine deformities rather than to primary heart involvement (35) . To clarify this complex landscape, we collected and analyzed a first cohort of 23 families with primary heart disease and core myopathy in which the main genes causing other skeletal and cardiac conditions had been excluded, indicating for the first time that core myopathy with heart disease is not as uncommon as previously thought.
Molecular study of this series led to the identification of seven novel homozygous or compound heterozygous TTN mutations in five patients presenting with various forms of multi-minicore myopathy with heart disease. Screening of the last 6 TTN exons (6.5% of the gene) disclosed mutations in 4 of the 23 families studied (17%). This relatively high proportion suggests that TTN M-line mutations are a significant cause of MmD with pediatric heart disease. Interestingly, none of the 72 heterozygous truncating TTN mutations recently reported in a large cohort of familial cases of idiopathic DCM involves the M-line (31) . This, together with our current and previous (5) results, suggests a particular role of M-line titin in skeletal muscle integrity. Nevertheless, TTN M-line sequencing identified no mutation in the remaining families in our series, implicating other titin domains or other defective proteins in this phenotype. Complementary exome studies are in progress.
This is the first description of TTN compound heterozygosity leading to phenotypical expression of recessive missense mutations on the background of recessive truncating mutations. Absence of phenotype in the heterozygous parents confirms that not all truncating TTN mutations, particularly if in the M-line, manifest unless associated with a second mutation (5). This supports the proposed recessivity of the TTN in frame insertions/deletions or truncating mutations (upstream of the M-line) lately reported in five patients, although some of their heterozygous parents had subclinical phenotypes or could not be specifically examined (30) . Additionally, our results can potentially explain the identification by Herman and coworkers of truncating TTN mutations in 3% of a nominally healthy control population (31), which remained unsolved. Interestingly, in this study of a large idiopathic DCM cohort, the authors identified, besides the reportedly pathogenic truncating TTN mutations, approximately one rare TTN missense variant in every study subject, although these variants were not considered further (31) . Our results suggest that some of these missense variants might play a role in disease expression. They also stress the importance of careful family studies to establish pathogenicity of each nonsense mutation and exclude compound heterozygosity with a pathogenic missense mutation, which may have serious impact on genetic counseling and prenatal diagnosis.
In addition, this work establishes that recessive TTN mutations cause novel skeletal and heart muscle phenotypes, including arthrogryposis, LVNC, Emery -Dreifuss syndrome, MmD without pediatric heart disease and cardiac septal defects. This represent a significant expansion of the spectrum of TTN-associated phenotypes. We define here a novel condition in one patient associating MmD with AMC and LVNC. AMC (MIM [208100] ) is a relatively common disorder (1 in 3000) (36) , characterized by multiple joint contractures from birth (37) . The major cause of arthrogryposis is fetal akinesia owing to a variety of uterine or fetal abnormalities (neurogenic, muscular or connective tissue abnormalities), whose heterogeneity has hindered identification of the primary defects. Similarly, LVNC causes, pathogenesis and course remain poorly understood. Our results associate for the first time AMC and LVNC and identify TTN as a new culprit gene, thereby describing the first titinopathy leading to severe fetal abnormalities.
Other patients presented with MmD without pediatric heart disease, EDMD phenotype or septal defects, none of which has been so-far associated with titin. All cases showed also a variable degree of Rigid Spine syndrome (RSS). EDMD, characterized by myopathic changes in skeletal muscles, early contractures at the neck, elbows and Achilles tendons, and cardiac conduction defects, has been associated with mutations in the EMD (MIM [310300]) or the LMNA genes (MIM [181350] ). RSS (limitation of spinal flexion owing to contractures of the spine extensors) can be isolated or associated with multiple early-onset myopathies (MIM [602771], (3)). As 60% of EDMD patients, 70% of arthrogryposis and many cases of RSS are without genetic diagnosis and represent a difficult diagnostic challenge, identification of TTN as a novel gene in these conditions may have significant diagnostic impact.
Septal defects are among the most common congenital cardiopathies worldwide. Their pathogenesis is largely unknown. Unexpectedly, they were present in three of the four TTN-mutant families in our series. Owing to their prevalence, one might consider whether their association with TTN mutations is merely accidental. A causal role of TTN in septal defects in this set of patients is supported by (i) the presence of ASD and/or VSD in the majority of cases and (ii) their coexistence with other forms of myocardial involvement imputable to titin dysfunction. While we cannot conclude from this study that TTN is a cause of isolated congenital cardiopathies, the large spectrum of cardiologic phenotypes observed suggests that titin defects underlie an unsuspected number of cardiac conditions, including potentially any congenital heart disease with or without skeletal muscle involvement.
The histopathological pattern in our recessive TTN-mutant patients was consistent and recognizable. While the histological criterion for inclusion in the initial series was the presence of cores of any type and length, the five patients with TTN mutations identified in this study showed typical minicores and fulfilled all the diagnostic criteria of MmD, including marked type 1 fiber predominance. Remarkably, in some patients, centrally located nuclei were present in massive numbers, rarely observed in any other muscle condition including centronuclear myopathy. Abundant internal nuclei were also reported in other TTN-mutant patients (5, 30, 38) . Five of these cases had a histopathological pattern identical to the one observed in our patients, but internal nuclei were so conspicuous that they led to the diagnosis of centronuclear myopathy (30) . Taken together, this morphological and/or molecular overlap between titinopathies and centronuclear myopathy raises the question of a potential role of titin (particularly its M-line) in determining and/or maintaining the normal subsarcolemmal nuclear positioning. Additionally, several types of changes in the internal structure of muscle fibers, particularly star-shaped basophilic areas, were observed in the recessive TTN-mutant patients characterized here as well as in those previously reported (5) . These areas were relatively rare and therefore could not be characterized ultrastructuraly, but they might be comparable with the regions of myofibrillar disruption observed in TTN-mutant HMERF patients (38) . Although none of the observed changes is
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Human Molecular Genetics, 2014, Vol. 23, No. 4 pathognomonic in itself, the association of minicores, abundant centrally located nuclei and changes in the internal fiber structure seems to be a consistent histopathological hallmark. We propose that this pattern strongly suggests a titinopathy and therefore can help to orientate the genetic studies in MmD; while RYR1-associated CM can show abundant internal nuclei but typically no basophilic lesions, both are usually absent in SEPN1-related myopathy. Thus, the extended range of cardiac phenotypes and severity in this set of TTN-mutant patients contrasts with the relatively homogeneous and recognizable neuromuscular and histopathologic pattern. Indeed, these patients have so much in common in terms of contractile skeletal muscle phenotype, histology and genetics that they are best understood as having a unique emerging condition, which we propose to term Autosomal Recessive Multi-minicore Disease with Heart Disease (AR MmD-HD) and which, aside from covering the Salih myopathy cases (5), could in the future expand to include other so-far unknown skeletal muscle and heart phenotypes.
The factors determining the presence of heart involvement associated with M-line TTN mutations are unclear. Phenotype-genotype analysis suggests that, in our series, the heart phenotype severity correlates with the localization of the TTN mutations. Patients having a TK mutation presented with a lifethreatening cardiac phenotype, whereas those with more C-terminal mutations had less severe or no heart involvement. Moreover, one of these patients showed the first complete loss of a functional TK domain in humans. Her antenatal-onset phenotype combined with our in vitro results represents the first indication that the TK enzymatic or signaling role might have a significant importance for myogenesis, structural integrity and function of skeletal and cardiac muscles during human development. However, the two families with MmD and childhood-onset DCM previously reported had homozygous truncating mutations downstream of the TK-encoding regions (5) . Furthermore, almost all the heterozygous TK or M-line mutations reported (20, 21, 22, 39, 40) affect exclusively the skeletal muscles. Therefore, the role of titin TK in the molecular pathogenesis of cardiac disease remains to be clarified. Misfolding, perturbed interactions with protein partners or loss of structural integrity and elasticity of sarcomeres containing truncated titins may contribute significantly to phenotypic expression of disease.
In conclusion, we expand the mutational and phenotypic spectrum of titin, delineating an emerging recessive condition (AR MmD-HD) and adding TTN as a novel candidate gene for AMC, Rigid Spine, EDMD, LVNC and MmD without pediatric heart disease. We conclude that TTN is involved in an unexpectedly broad range of cardiac phenotypes and that compound heterozygosity of non-symptomatic TTN truncated alleles and missense mutations is likely to underlie a wide spectrum and significant proportion of currently undiagnosed skeletal muscle conditions, with or without cardiac disease. We propose that sequencing of the six M-line-encoding TTN exons is a useful firststep diagnostic screen in patients with early-onset myopathies and/or pediatric heart conditions. Lastly, we believe that NGS will bring about a dramatic expansion of titinopathies, this report being among the first of what we think will be a plethora of novel TTN-associated phenotypes.
SUBJECTS AND METHODS
Patients
We studied 31 patients (23 families including 5 multiplex and 3 consanguineous) recruited through an international collaboration. Inclusion criteria were as follows: (i) congenital or infantile-onset muscle weakness; (ii) core lesions in the muscle biopsies; (iii) primary heart disease; (iv) exclusion of mutations in the main known genes causing myopathy with cardiopathy, by sequencing (FHL1, DES, LMNA, ACTA1, LAMP2, MYBPC3, MYH7, MYL2, MYL3, PRKAG2, TNNT2, TPM1, RYR1) or SNPs genotyping (Affymetrix, 250K Nsp array).
Biological samples were obtained with informed consent; the study was approved by local research ethics committees under NIH protocol 12-N-0095.
TTN genetics studies
PCR-based sequencing of TTN M-line-encoding exons Mex1 -Mex6 was performed on genomic DNA as described in Carmignac et al. (5) .
Exome sequencing was performed on genomic DNA from P4 and P5 using Agilent SureSelect All exon 50Mb kit, to capture 180 000 annotated protein-coding exons plus selected noncoding RNAs with the Life Technologies (ABI) protocol, including all the 312 exons of the TTN isoform N2A (NM_133378). Captured fragments were sequenced in single-end 50-base mode using SOLiD4 (Life Technologies) chemistry. Reads were aligned to the reference genome GRCh37 and analyzed with NextGene v.2.16 (Soft Genetics, Inc.). A mean of 78.8 million reads (mean length 48 nucleotides) were obtained for each patient, of which 60% mapped uniquely to targets (mean coverage 30×). The TTN gene had a mean coverage of 80 with a good repartition of the reads along the sequence, excepting the TTN exons encoding the N-terminal Z-line, for which the coverage was 40.
For transcriptome analysis, reads were generated from P5 myocardium total RNA, sequenced on a HiSeq 2000 instrument (Illumina) with 2 × 100 bp paired-end chemistry, mapped to GRCh37 using TopHat 1.4.1, normalized for exon length and scored percent-spliced in as described in Guo et al. (41) .
Histopathological and immunofluorescence studies
Muscle biopsies and/or explanted myocardium (from P5) were frozen or fixed and processed for standard histological, histochemical and electron microscopy studies. Standard indirect immunohistochemical studies were performed using anti-titin antibodies T51 (1/100) (42) and Z1Z2 (1/100) (43) . Confocal images were captured as described in Carmignac et al. (5) .
Western blot
Proteins were extracted from myocardium cryosections from P5 and a control individual as described in Hackman et al. (20) and resolved in 6 or 12% linear SDS -PAGE gels, followed by transfer onto PVDF membrane for ECL detection using pAb m10-1 at 1:500 (20) , TTN mAb T12 at 1:500 (44) or Z1Z2 at 1:1000 (43) .
In vitro studies
Expression of recombinant TK and circular dichroism spectroscopy were performed as described using a construct comprising the autoinhibited TK domain and its preceding fibronectin-like domain (Fn-TK) (45) . Yeast genetic interaction analysis was performed using constitutively open TK-kin3 as described (22) . 
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